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ABSTRACT
Massive and very massive stars can play important roles in stellar populations by ejecting strong
stellar winds and exploding in energetic phenomena. It is therefore of high importance that their
behaviour is properly accounted for in synthetic model populations.
Here we present nine grids of stellar evolutionary model sequences, together with finely resolved in-
terpolated sequences and synthetic populations, of stars with 9–500M and with metallicities ranging
from Solar down to 1/250 Solar. The stellar models were computed with the ‘Bonn’ evolutionary code
(covering core-hydrogen- and core-helium-burning phases, both complete). Post-processing for publi-
cation has been done using optimized methods, developed by our team, for massive and very massive
stars. Interpolation and population synthesis were also performed on the models by our newly devel-
oped routine synStars. Eight of the grids represent slowly rotating massive stars with normal/classical
evolution, while one grid represents fast rotating, chemically-homogeneously evolving models. Apart
from the common stellar parameters such as mass, radius, surface temperature, luminosity and mass
loss rate, we present stellar wind properties such as estimated wind velocity and kinetic energy of the
wind. Additionally, we provide complete chemical yields of 34 isotopes, and estimates for the masses
of the compact object remnants.
The ‘Bonn’ Optimized Stellar Tracks (BoOST) project is published as simple tables – including stellar
models, interpolated tracks and synthetic populations – thus ideal for further scientific applications.
For example, star-formation studies could be done with BoOST to cover broad metallicity ranges, and
so could be simulations of high-redshift galaxies. Additionally, gravitational-wave event rate predictions
could be refined using BoOST by accounting for very massive stars at low-metallicity.
Keywords: stars: massive — stars: formation — galaxies: star formation — galaxies: high-redshift —
galaxies: stellar content — gravitational waves
1. INTRODUCTION
Corresponding author: Dorottya Szécsi
dorottya.szecsi@gmail.com, szecsi@ph1.uni-koeln.de
∗ The BoOST data (stellar model grids, interpolated tracks and
synthetic populations) are all available online under the following
link: http://galaxy.asu.cas.cz/pages/boost – The Authors wel-
come feedback from the community.
Stellar evolutionary model sequences provide the basis
for several astrophysical investigations. These investiga-
tions include simulating galaxies both close (e.g. Gatto
et al. 2017) and far (e.g. Rosdahl et al. 2018), obtaining
mass and age of stars observed in clusters (e.g. Schnei-
der et al. 2014; Grin et al. 2017; Ramírez-Agudelo et al.
2017) and even predicting the outcome of binary pop-
ulations in terms of e.g. gravitational wave event rates
(e.g. Kruckow et al. 2018). Since massive (>9 M) and
very massive (>100 M) stars can play important roles
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in stellar populations by ejecting strong stellar winds
and exploding in energetic phenomena, it is of high im-
portance that their behaviour is properly accounted for.
The so-called ‘Binary Evolutionary Code’ or, as slop-
pily called nowadays, the ‘Bonn Code’, has been used in
the last decade to compute stellar evolutionary model
sequences with the most state-of-the-art input physics.
Stellar grids with various chemical composition and var-
ious rotational properties have been created and anal-
ysed (Yoon et al. 2006, 2012; Brott et al. 2011a; Köhler
et al. 2015a; Szécsi et al. 2015), including, occasionally,
detailed binary models (de Mink et al. 2009b,a; Yoon
2015). Quite many science projects relied on these mod-
els, yielding conclusions that significantly furthered our
understanding of astrophysics.
In particular, the Bonn Code has been used to create
four grids of rotating single star models. Their initial
compositions correspond to the Milky Way (MW, Brott
et al. 2011a), the Large and Small Magellanic Clouds
(LMC, SMC, Brott et al. 2011a; Köhler et al. 2015a),
and the dwarf galaxy I Zwicky 18 (IZw18, Szécsi et al.
2015).
These four grids have already been used in research
projects. These include, for example, Bonnsai (Schnei-
der et al. 2014, in which the ages of observed massive
stars can be established) and ComBinE (Kruckow et al.
2018, in which predictions of gravitational wave event
rates are made). For both of these projects, the stellar
models in the grids needed to be integrated into pop-
ulations. While the basic method of how to create a
population out of a stellar grid is typically the same in
all these projects – and in ours –, the details tend to
depend on many things. For one, the mass range of the
models depends on the actual scientific question: Bonn-
sai and ComBinE worked with stars only up to 100 M.
One of our main aims is to provide predictions on
the massive stars’ feedback for star-formation studies in
clusters and galaxies. However, for the purposes of such
studies, one would need to include very massive stars
too. Although rarely born, stars above 100 M may in-
fluence their birth environments significantly. Especially
if one wants to study the early Universe, very massive
stars are key: the first few generations of galaxies at
cosmic dawn might have formed them in larger number
and with larger initial mass than what is typical today.
Therefore, one of the motivations of the current project
is to extend the mass range of all published Bonn grids
up to 500 M.
Another of our motivations is that the existing Bonn
grids are, in their current form, not yet suitable for star-
formation studies. For these studies, both the main-
sequence phase and the post-main-sequence phase of the
stellar models should be included (i.e. the role of super-
giants and Wolf–Rayet stars may be relevant). More
importantly, detailed information on the chemical com-
position and kinetic energy of the stellar winds should be
provided, at various metallicities, as a function of time.
While investigating the literature, including projects like
Bonnsai and ComBinE, we found that none of the cur-
rently available populations of Bonn stellar models fulfil
all these conditions at once – hence the need for the
current project.
Here we publish grids of stellar evolutionary model
sequences, as well as finely resolved interpolated tracks
between them and synthetic populations created from
them, based on both published and unpublished results
of the Bonn Code. That is, the ‘Bonn’ Optimized Stellar
Tracks (BoOST) project consist of the following three
types of published data:
a.) Grids: 9 grids with initial masses of 9−500 M each.
The models cover core-hydrogen-burning (i.e. main-
sequence) phases and core-helium-burning phases
completely. Their metallicities are equally dis-
tributed between Solar1 ([Fe/H] ∼ 0.0) and very low
([Fe/H] ∼ −2.4). Five of these grids are based on
published stellar models (MW, LMC, SMC, IZw18,
IZw18-CHE), while four grids were newly computed
by us for the present work and cover various sub-
SMC metallicities – typical for dwarf galaxies and
the early Universe.
b.) Tracks: interpolated sets of tracks corresponding to
all 9 grids which can serve as the basis of synthetic
stellar populations. We publish these as simple ta-
bles.
c.) Populations: After weighting the interpolated sets of
tracks with a regular Salpeter-type initial mass func-
tion, the result are synthetic populations of massive
and very massive stars. The total mass is set to
107 M. Published as tables, up to ∼25 Myr (when
the 9 M stars die).
The models in eight of the grids (a.) were com-
puted with moderate rotation rates leading to nor-
mal/classical stellar evolution (i.e. initial rotational ve-
locity of 100 km s−1 uniformly), while one of the
grids corresponds to extreme rotation rates leading to
chemically-homogeneous evolution (CHE, initial rota-
tional velocity of 500 km s−1). Beside the usual sur-
1 By Solar metallicity, we mean the metallicity of Milky Way
stars as measured by Asplund et al. (2009) and applied to stel-
lar models by Brott et al. (2011a), cf. their Tables 1 and 2:
Z = ZMW = 0.0088.
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Table 1. The 9 BoOST grids published here, and their compositions in various units. ZMW = 0.0088, ZLMC = 0.0047,
ZSMC = 0.0021 as defined by Brott et al. (2011a, see their Tables 1 and 2). Dwarf galaxy grids dwarfA...E (including IZw18
and IZw18-CHE) have an initial metallicity scaled down from that of SMC by a factor given in the table’s header.
MWa LMCb SMCa dwarfA dwarfB IZw18c dwarfD dwarfE IZw18-CHEc
SMC/2 SMC/5 SMC/10 SMC/20 SMC/50 SMC/10
ZMW 1 ∼1/2.5 ∼1/5 ∼1/10 ∼1/25 ∼1/50 ∼1/100 ∼1/250 ∼1/50
ZSMC ∼5 ∼2 1 0.5 0.2 0.1 0.05 0.02 0.1
[Fe/H] 0.0 −0.4 −0.7 −1.0 −1.4 −1.7 −2.0 −2.4 −1.7
Z 0.0088 0.0047 0.0021 0.00105 0.00042 0.00021 0.00011 0.00005 0.00021
a Models between 9-60 M were published in Brott et al. (2011a).
b Models between 9-60 M were published in Brott et al. (2011a), and between 60-500 M for the main-sequence in Köhler et al. (2015a).
c Models between 9-300 M were published for the main-sequence in Szécsi et al. (2015).
face properties (mass, temperature, luminosity, mass-
loss rate etc.) we also provide complete yields of 34 iso-
topes, and estimates for the final mass of the stellar core
as a proxy for the mass of the compact object remnant.
We also present our new interpolating and stellar pop-
ulation synthesis tool called synStars, which performs
the (spline based) interpolation on the pre-computed
stellar models (a.) using the mass as the main inter-
polation parameter. The smoothly changing, interpo-
lated sets of model tracks (b.) based on the 9 stellar
model grids, are the outcome of synStars. Although
one of synStars capabilities is to weight these interpo-
lated tracks with a user-defined initial mass function, we
publish the raw outcome of the code too, i.e. tracks (b.)
as simple tables without weighting. This can be use-
ful for applications where the weighting is performed at
the user’s end. Nevertheless we publish time-dependent
synthetic populations (c.) too, created by weighting the
tracks with a classical Salpeter initial mass function and
integrating over the stellar feedback (total mass in the
wind, total kinetic energy in the wind etc.) To facili-
tate reproducibility, the current version of synStars is
attached to the published the data.
Having created smoothly changing, interpolated
tracks of massive and very massive stars, the BoOST
model populations are now perfectly suitable for appli-
cations in e.g. star-formation studies or binary pop-
ulation synthesis studies. They can also be used to
simulate the formation and evolution of young clusters,
dwarf galaxies and high-redshift galaxies – where the
feedback from massive stellar winds play a crucial, and
metallicity-dependent, role.
Thus, the flexibility that the BoOST project provides
can serve as foundation for future synergies between
these fields of astrophysics. Predictions of gravitational
wave event rates are typically done using binary popula-
tion synthesis for example, for which our BoOST tracks
can serve as an input, too. The door thereby opens to
combine the field of gravitational wave progenitors with
that of star-formation, or that of high-redshift galaxies,
in an opportune way – via the underlying stellar models.
This paper is organized as follows. In Sect. 2 we
present nine grids of stellar models computed with the
Bonn Code. In Sect. 3.1 we describe how we identi-
fied the ‘equivalent evolutionary phases’ (EEPs), while
in Sect. 3.2 we discuss those models that could not con-
verge due to numerical instabilities and for which there-
fore we applied a simple extrapolation. In Sect. 4, we
present our new tool synStars and use it to interpo-
late between the stellar models and perform population
synthesis. In Sect. 5 we explain our method for defin-
ing the mass of the final stellar cores which is a proxy
for the mass of the compact object remnant. In Sect. 6
we discuss similarities to other similar projects, suggest
possible astrophysical applications and describe future
plans. In Sect. 7 the work is concluded.
2. GRIDS OF STELLAR MODELS
Our aim is to publish (single) stellar populations in
which the mass bins are well resolved. To do this, we
rely on pre-computed stellar evolutionary models, cre-
ated with the Bonn Code. Details of the code are sum-
marized in Heger et al. (2000); Heger & Langer (2000);
Brott et al. (2011a); Yoon et al. (2012) and in the
references therein. By interpolating between the pre-
computed models, we obtain smoothly changing, dense
set of tracks. In this section we describe the stellar mod-
els themselves; in Sect. 4 we present the interpolated
tracks. As an overview of our grids, Fig. 1 presents the
pre-computed stellar models with colors and the inter-
polated tracks with black-dashed lines between them.
About half of the stellar models we use in this work
have been published earlier and another half have been
computed by us. In particular, we rely on the grids pre-
sented in Brott et al. (2011b); Köhler et al. (2015a) and
Szécsi et al. (2015). See Table 1 for a summary of all the
grids and their metallicities. Brott et al. (2011b) pub-
lished stellar models with MW, LMC and SMC compo-
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sition between 9−60 M. Köhler et al. (2015a) extended
the LMC grid withmain-sequence models up to 500 M.
On the other hand, Szécsi et al. (2015) published models
with the much lower IZw18 metallicity (corresponding
to 0.1×ZSMC) in the mass range of 9−300 M, also on
the main-sequence.
For all these model grids, we use the stellar models
with the moderate initial rotational rate of 100 km s−1.
This rotational rate is representative of non-rotating
or slow-rotating massive stars (that is, there is no
chemically-homogeneous evolution happening with this
rate). Note that the rotation rate is not an interpolation
parameter, but is kept uniformly amongst all the grids.
Additionally, one of our grids is composed of chemically-
homogeneous models which have a fast initial rotation
rate, 500 km s−1, again uniformly.
However, to be able to create synthetic populations
out of these models in a consistent way, we had to ex-
tend the parameter space. In particular, we had to (i)
compute new models up to 500 M in all the grids,
(ii) either simulate the post-main-sequence evolution or
provide a reliable extrapolation for this phase, and (iii)
compute new model grids so that the metallicity gap
between SMC and IZw18 is filled.
Additionally, we computed new models below IZw18
metallicity too. With the addition of two sub-IZw18
metallicities down to 1/250th Z, our grids can be used
in investigating the formation of the lowest metallicity
globular clusters too (with [Fe/H] ∼ −2.3).
The four new model grids presented here for the first
time (cf. Table 1) correspond to either sub-SMC metal-
licities ([Fe/H] ∼ −1.0 & 1.4) or sub-IZw18 metallicities
([Fe/H] ∼ −2.0 & 2.4). Since they cover metallicities
typical for starforming dwarf galaxies, we call these grids
dwarfA, dwarfB, dwarfD and dwarfE (‘dwarfC’ being
consistent with the IZw18 grid).
All the newly computed models have an initial rota-
tional rate of 100 km s−1, and all their physical ingredi-
ents are the same as in the published models. The only
two exceptions are the models with 250 and 500 M
at MW metallicity for which the initial rotational rate
has been set to 0 km s−1 for convenience. This does
not make any practical difference in the evolution: at
this mass and metallicity, mass loss is so strong already
at the beginning of the main-sequence that these stars
would spin down very soon anyway.
Thus, we have 8 model grids with equal log-metallicity
steps from Solar down to the most metal-poor clusters
observed. Every grid contains 10 stellar models, start-
ing with 9 M. The highest mass in the grids is either
500 M or a bit higher: in some grids, the highest mass
model has 560 or 575 M. However, this should not cre-
ate a discrepancy in the populations because we will only
perform the interpolation up to 500 M (in Sect. 4). On
the top of the 8 slow-rotating grids, we have one addi-
tional grid with fast rotating, chemically-homogeneously
evolving models with [Fe/H] = −1.7.
As for the mass steps in the model grids, we do not
fix any consistent value. We use 10 models per grid and
choose their initial masses in a way which facilitates the
best interpolation between them. For example, we al-
ways try to cover the part of the HR-diagram where the
models experience blue loops or luminous blue variable
type features. But since these effects are highly metallic-
ity dependent, the design of the grids need to be flexible
to follow them properly.
Another crucial issue with the completeness of the
model grids is their late evolutionary phases. High-
metallicity models already above ∼ 40 or 60 M (and
lower-metallicity ones at above 100 M) have inflated
envelopes, and in this state the computations become
numerically challenging. For example, the massive and
very-massive LMC and IZw18 models in Köhler et al.
(2015b) and Szécsi et al. (2015) were only computed and
published up to the end of the main-sequence, mainly for
this reason. One possible solution for these numerical
difficulties is to enhance the mass loss rate artificially
during this phase, thereby freeing up the model from
the ‘renegate’ envelope. While there exist a way to do
this in e.g. the MESA code, the Bonn Code has so far
not been updated in this regard. It falls outside the
scope of the current work to update the code to include
this, or to establish if this approach is physical at all in
the first place. Instead, we extrapolate the remaining
evolution based on the last computed state of the stel-
lar model. The details of the extrapolation process are
given in Sect. 3.2, while information on which model and
at what extent needed to be extrapolated is given in the
data files in the form of a flag. Note that in our lowest
metallicity grid called dwarfE, all models were properly
computed until the end of core-helium-exhaustion. That
is, there was no extrapolation performed at all in this
grid.
Our chemically-homogeneously evolving grid of mod-
els is called IZw18-CHE. Their initial composition is the
same as in the IZw18 models, but the initial rotational
velocity is high: 500 km s−1, except in the case of the
9 M model where it is somewhat lower, 450 km s−1,
to avoid reaching critical rotation. With these high ro-
tational rates, all these models evolve chemically homo-
geneously. Their main-sequence phase (up to 300 M)
have been published and analysed by Szécsi et al. (2015)
and their atmospheres were studied by Kubátová et al.
(2019). Here we complete this grid with two new very-
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Figure 1. Hertzsprung–Russell diagrams. Initial mass is color coded (in M); dots mark every 105 yr of evolution along the
stellar models. Black-dashed lines represent interpolated tracks (up to 500 M).
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massive models (388 M and 575 M) as well as the
post-main-sequence phase of all of the models (com-
puted properly for almost all of them, except for the
highest mass where we had to extrapolate).
The Bonn Code simulates nuclear reaction networks
for the following 34 isotopes: 1H, 2H, 3He, 4He, 6Li, 7Li,
7Be, 9Be, 8B, 10B, 11B, 11C, 12C, 13C, 12N, 14N, 15N,
16O, 17O, 18O, 19F, 20Ne, 21Ne, 22Ne, 23Na, 24Mg, 25Mg,
26Mg, 26Al, 27Al, 28Si, 29Si, 30Si, 56Fe. A description
of the input physics implemented in the version of the
code we use here, has been given in Heger et al. (2000);
Heger & Langer (2000); Petrovic et al. (2005); Brott
et al. (2011a); Yoon et al. (2012); Szécsi et al. (2015)
and in the references therein.
Fig. 1 shows the HR-diagram of our 9 grids of massive
stars. There are two main features which show grad-
ual change as we go from high to low metallicity: the
presence of very luminous supergiants at high masses
(see for example Sect. 3.2 of Szécsi & Wünsch 2019, for
further discussion on them), and the presence of blue su-
pergiants at lower masses (in the ‘blue loop’ of the evolu-
tionary models). Additionally, both the zero-age main-
sequence and the supergiant branch shifts to higher ef-
fective temperatures when the metallicity is lower due
to these models having lower opacities.
The stellar model grids include the following quanti-
ties as functions of time (Sect. A.1 gives the complete
list): the actual stellar mass, M , the effective tempera-
ture of the surface, Teff , the bolometric luminosity, Lbol,
the stellar radius, R, the mass loss, M˙ , the logarithm of
the surface gravity, log(g), the rotation velocity at the
surface at the equator, vsrf , the critical rotation velocity,
vcrit, the Eddington factor, Γ, and abundances of the 34
isotopes given above at both the stellar surface and in
the center of the star. Additionally, the mass of the fi-
nal He-core and CO-core are included, as a proxy for the
mass of the compact object remnant (cf. Sect. 5).
3. PREPARING THE MODELS FOR THE
INTERPOLATION
In a real stellar population, there can be stars of any
mass. Thus, to simulate such a population, one needs
to have a dense enough, and smoothly changing, model
grid. In all our model grids, we have 10 stellar evo-
lutionary model sequences between 9−500 M and we
interpolate between them to get synthetic models for
any and all mass values in between.
There is a crucial step before performing such an in-
terpolation, namely, the choice of so-called ‘equivalent
evolutionary phases’.
3.1. Finding ‘equivalent evolutionary phases’ (EEPs)
Defining equivalent evolutionary phases (EEPs) is es-
sential when one wants to interpolate between stellar
models. The models’ behaviour is not uniform, espe-
cially if a large mass range is covered as in the current
project. Typically, a star with 9 M has a very differ-
ent evolutionary path from a star with 60 M or from
a star with 500 M. Thus, apart from making sure to
only interpolate between close-enough behaving models,
we also have to make sure to interpolate only between
corresponding evolutionary phases.
For this reason, we convert our stellar models into a
format where each phase of stellar evolution is repre-
sented by a fixed number of points (i.e. lines in the data
file), making sure that the nth point in one model has
a comparable interpretation in another model. These
points are called EEPs.
We define 7 EEPs in each case, that is, a series of
points (called A, B... G) that can be identified in all
stellar evolution models. Between two EEP points, the
same number of lines are added to every model’s data
file. Some typical choices are shown in Figs. 2–4 and
explained below.
The first EEP (A) is the zero age main-sequence (ex-
cluding the initial ‘hook’ phase caused by hydrogen igni-
tion). The second (B) is the local minimum of the mass
loss rate corresponding to the bi-stability jump – that is,
when it happens during the main-sequence. If the local
minimum of the mass loss rate happens after the main-
sequence ends, we chose the second EEP simply to be
at ∼ 3/4th of the main-sequence lifetime. Assigning our
second EEP to the local minimum of the mass loss rate
makes sure that the interpolation behaves nicely when
it comes to quick changes in mass loss, which is an im-
portant requirement if one wants to apply these models
to study their feedback on star-formation.
The third EEP (C) is the tip of the hook at the end
of the main-sequence. However, for very massive stars
this hook is not visible; in this case, we simply choose a
point at close to core-hydrogen-exhaustion. The fourth
EEP (D) is the bottom of the red-supergiant branch
where the luminosity has a local minimum. If this is
not visible, e.g. in the case of an extreme blue loop
without a base at the red-supergiant branch, a point in
the middle of the loop’s blueward progression is chosen.
Some examples are shown in Fig. 3.
The fifth EEP (E) is the middle of the helium-burning
phase. It corresponds to the hottest point of the blue
loop if there is one, otherwise YC ∼ 0.5. The sixth
EEP (F) is chosen near the end of core-helium-burning
when the model has a small dip in luminosity. If this is
not visible, we choose a point at around YC ∼ 0.1. The
seventh EEP (G) is the end of the helium-burning phase
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Figure 2. The position of EEPs (i.e. fixed points in evolution) during the lifetime of some typical models. Colored lines
represent the original output of our computations with the Bonn Code, while black lines and crosses mark the filtered version
(consistently containing the same number of dots between EEPs). The seven EEPs are marked with A–G; our method of
choosing them is explained in the text.
where YC = 0.0, and we do not include carbon-burning
into our models.
The choice of these EEPs depends on how far the
model in question is able to progress while computing
its evolution (cf. Sect. 3.2). For some models, compu-
tation stops before the star is able to reach the end of
its core-helium-burning phase. So they are extrapolated
for, using the method described in Sect. 3.2.
For the most massive models at high metallicities, we
choose the EEPs equally distributed in time during the
luminous blue variable phase. The reason for this is that
these stars have no systematically recognizable surface
features apart from their extremely strong winds. Some
examples are shown in Fig. 4.
The pre-computed stellar evolutionary models are fil-
tered so that the published files contain 608 lines. Fixed
points (i.e. EEPs) are in lines 1, 151, 252, 403, 429, 505
and 608. Note that the pre-main-sequence phase is not
simulated, thus all models start their evolution at the
zero-age main-sequence.
3.2. Extrapolating for stars with numerical problems
near the Eddington limit
As mentioned in Sect. 2, models that inflate their en-
velopes due to their extreme closeness to the Edding-
ton limit are sometimes not simulated until their core-
helium-exhaustion. If this is the case, we extrapolate
the model in question to make predictions about the re-
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Figure 3. Same as Fig. 2 but for a model with prominent blue loop (without a starting point in the red supergiant branch,
left) and one with inflated envelope (rigth). For more details on the latter, which is a core-hydrogen-burning supergiant, we
refer to e.g. Sanyal et al. (2015); Szécsi et al. (2015); Sanyal et al. (2017); Szécsi et al. (2018); Szécsi & Wünsch (2019)
maining lifetime. Such models are shown in Fig. 4, and
we add a flag to all our published data files marking the
part where extrapolation was involved.
Our extrapolation method works the following way.
Using the mass loss rate value in the last computed stel-
lar structure model, we remove mass from the stellar
surface layer by layer. (A stellar evolutionary model
sequence, as the name implies, consists of consecutive
stellar models (structure models). One such struc-
ture model (belonging to a certain age), consists of
about 2000 gridpoints (layers) between the core and the
surface. For every layer, physical variables such as lo-
cal temperature, density and so on, are computed in the
code – including chemical composition of the layer.) We
continue removing layers until the projected lifetime of
the star ends.
This approach allows us to predict the composition
of the material ejected by the stellar winds even during
those phases where the code could not converge. Since
these late phases may contribute to how star-formation
proceeds, it is important that they are included into
the synthetic population in terms of chemical yields and
radiation properties. This is what we achieve by exrap-
olating this way.
Projected lifetimes. The projected lifetime of the star
is estimated as follows. If the model has already burned
away at least 2% of helium when the simulation stops,
the remaining lifetime is calculated by linearly extrap-
olating the central helium abundance as a function of
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Figure 4. Same as Fig. 2 but for models that show features associated with a luminous blue variable phase before becoming
Wolf-Rayet stars. In both cases, we extrapolate for the post-main-sequence phase, by removing mass layers one by one from
the last computed model’s envelope, as explained in Sect. 3.2. Red line marks the extrapolated phase of stellar life.
time until it reaches zero. If the model has not burned
that much helium but stopped before that (e.g. at the
terminal-age main-sequence), the remaining lifetime is
simply defined as 10% of the main-sequence lifetime.
Rarely it happens however that even the terminal-age
main sequence is not reached: in this case, first we es-
tablish the projected main-sequence lifetime by quadrat-
ically extrapolating the central helium mass fraction as
a function of time, and then suppose again that the
post-main-sequence lasts for 10% as long as the main-
sequence.
Surface and central quantities. During the extrapolated
phase, the mass loss rate is kept constant, while the
surface composition is changing according to the com-
position of the layers that are removed from the star.
Since no nuclear reactions are simulated for this phase,
the central quantities in our output files are simply kept
constant.
As for other important surface quantities, effective
temperature and luminosity (and hence the radius) are
dealt with by supposing that they converge to the so-
called helium zero-age main sequence (helium-ZAMS, cf.
Sect. 3.3). To do this, we assume that both the surface
temperature and the surface luminosity are log-linear
functions of the surface helium mass fraction. When a
layer is removed, the next layer’s helium mass fraction
is used as a weight to find the new surface temperature
and luminosity values between the old ones and those of
the helium-ZAMS, given the new total mass of the star.
This way the stellar models in the HR-diagram converge
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Figure 5. Time evolution of mass loss rate. Initial mass is color coded (in M); dots mark every 105 yr of evolution. Black-
dashed lines represent interpolated tracks (up to 500 M). While here only shown until 10 Myr, the files published in the BoOST
project contain this data until the end of the lifetimes of the longest living model in the population, that is, until ∼25 Myr.
smoothly towards the helium-ZAMS while losing mass
during the extrapolation. Examples are seen in Fig. 4
and Fig. 8.
How we established the HR-diagram position of the
helium-ZAMS for very massive stars, is explained in
Sect. 3.3. All in all, we have three helium-ZAMS data
available: one for the MW, the LMC and the SMC
(see Fig. 8). The extrapolated MW and LMC models
are, therefore, converging to their representative helium-
ZAMS lines, while all other models (including SMC and
all dwarf galaxy grids) converge to the SMC’s helium-
ZAMS. This could be refined in future work by e.g. com-
puting helium-ZAMS for sub-SMC metallicities. Note
however that the lower the metallicity, the less the mod-
els are effected by the proximity of the Eddington limit,
and thus the less we need to apply the extrapolation.
And since the mass loss rate values for these metal-poor
very massive models are highly uncertain anyway, the
extra uncertainty coming from converging them towards
the SMC helium-ZAMS instead of a helium-ZAMS typ-
ical for their own metallicities, is probably insignificant.
Mass loss rates. The mass loss rate is kept constant
during the extrapolation phase, and its value is typically
chosen to be the value in the last computed stellar struc-
ture model. We have ensured however that this value is
not unreasonably high for any given model. This means
that in case the value in the last structure model is so
high that material from the convective core would be
removed artificially, we instead set it to a lower value to
ensure that only material from the envelope is removed.
We do not believe it to be physical to remove mass from
the convective core when extrapolating, since we do not
simulate the nuclear burning processes in the remain-
ing lifetime. The mass loss rate in these late phases is
poorly constrained anyway (see e.g. Smith 2014), so we
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Figure 6. Time evolution of wind velocity. Initial mass is color coded (in M); dots mark every 105 yr of evolution. Black-
dashed lines represent interpolated tracks (up to 500 M). See also Fig. 5.
think it is well justified to set it so that we only remove
material from the envelope.
Choosing EEPs. While stellar evolutionary codes
choose timesteps adaptively, i.e. according to the struc-
tural changes in the star, the extrapolation process
chooses timesteps that are defined by the size of the
mass layers to be removed. That is, in the extrapola-
tion we remove every mass layer one by one. (A stellar
model in our simulation has ∼2000 layers, but only a
fraction of these is typically removed during the extrap-
olation because, as mentioned, we make sure to only re-
move material from the envelope and not from the core.)
Therefore, the extrapolated phase has a certain number
of lines. This influences the choice of the last two EEPs:
sometimes there are less lines in the extrapolated phase
than how many we need in the data files to keep the
format unified. In this case we set the EEPs’ position
to an earlier time, as shown in Fig. 4.
Caveats. While the extrapolation method we devel-
oped is quite robust and, in the absence of properly
simulated stellar models, provides a very good approx-
imation for the late phases of very massive stars, there
are some necessary caveats.
Our approach of removing layers from the last com-
puted structure model involves the assumption that no
more mixing is happening during the remaining lifetime
– which may not be true. Another caveat comes from
the way we establish and use the helium-ZAMS data,
explained above and in Sect. 3.3 (which involve linear
interpolations and even extrapolations). These caveats
should be kept in mind when using BoOST populations.
However, for low-metallicity models, the extrapolation
is less critical than at high, for two reasons. First, en-
velope inflation starts at higher masses when the metal-
licity is low, and therefore only the most massive mod-
els need to be extrapolated. Second, at low-metallicity
these very massive stars evolve to the supergiant branch
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Figure 7. Time evolution of wind kinetic energy rate. Initial mass is color coded (in M); dots mark every 105 yr of evolution.
Black-dashed lines represent interpolated tracks (up to 500 M). See also Fig. 5.
and stay there even if deep, helium-rich layers are uncov-
ered, as opposed to high-metallicities (where these stars
evolve to the Wolf–Rayet sequence). While the nature
of those very massive and luminous supergiants needs
to be studied further in the future from several point of
views (e.g. by finding observational evidence for their
existence, or constraints on their mass loss mechanisms
etc.), for the two reasons given above our low-metallicity
populations are less influenced by the effects of the ex-
trapolation method we apply than our high-metallicity
populations. Note that in our lowest-metallicity grid
with 1/250 Z, even the highest mass star of 560 M
was computed in the Bonn Code without any numerical
issues until the end of core-helium-exhaustion, making
the grid called dwarfE perfectly complete.
3.3. The helium zero-age main sequence
A crucial requirement in our extrapolation method is
to establish the helium-ZAMS towards which the stellar
models converge in terms of surface temperature and
luminosity (and thus radius) when losing mass in their
late evolution.
The helium-ZAMS is practically the position of pure
helium-stars in the HR-diagram. However, its proper
position is not well known for very massive stars. Model
grids have been computed with the Bonn Code for Solar
and SMC metallicity up to masses of 25 and 109 M,
respectively. These have been presented in Fig. 19 of
Köhler et al. (2015a)2. Still, some of our very massive
models in the MW grid retain as much as 44 M when
the simulation stops; and those in the SMC grid as much
as 170 M. Additionally, helium-ZAMS data for the
LMC (and for sub-SMC metallicities) are unavailable.
2 In the figure in question, the 35 M point of the MW helium-
ZAMS has been obtained by linearly extrapolating the data above
25 M (D. Sanyal 2019, private communication).
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Figure 8. Helium zero age main sequence (He-ZAMS)
positions in the HR-diagram for MW, LMC and SMC com-
positions. The details of constructing these lines are given in
Sect. 3.3. Numberings indicate stellar masses (in M). Four
extrapolated models are overplotted, as indicated by the leg-
end; the extrapolated phase is marked with red. The models
converge to (or move along, in case of models that have be-
come pure helium-stars) their corresponding helium-ZAMS
while loosing mass in the extrapolation phase (cf. Sect. 3.2).
This means that, even if we rely on the helium-ZAMS
data in Fig. 19 of Köhler et al. (2015a), we still have to
extrapolate3 the available MW and SMC data to very
massive stars, and to interpolate between these two to
obtain data for the LMC. As for sub-SMC metallicities,
we decided to simply apply the SMC data for now; this
means however that the extrapolation needs to extend
to 470 M (mass of our most massive 560 M model in
the dwarfD grid that we have to extrapolate for).
The helium-ZAMS models from Fig. 19 of Köhler et al.
(2015a) themselves are unpublished but were kindly pro-
vided by D. Sanyal (2019, private communication). We
apply an extrapolation for the MW and SMC data in
terms of M , logT(M)eff and log(L/L
(M)
 ), and then inter-
3 The extrapolation process discussed here concerns the helium-
ZAMS data; it is not the same process as extrapolating for stellar
models’ late phases (discussed in Sect. 3.2). Similarly, interpo-
lating to get the LMC data in terms of the helium-ZAMS, is not
the same as interpolating between stellar models (discussed in
Sect. 4).
polate between the two data sets using log(Z) as the in-
terpolation parameter to obtain data for the LMC. The
results are shown in Fig. 8.
When extrapolating for the MW and SMC data how-
ever, we applied linear extrapolation together with a re-
ducing of all quantities by a factor of 3. The reasons for
this are as follows. First, the helium-ZAMS models are
initial models with homogeneous composition, while our
models would in reality become helium-ZAMS stars with
relaxed composition (i.e. there would be nuclear burn-
ing going on inside). The surface temperature of such
relaxed models is typically somewhat higher, while the
surface luminosity somewhat lower than those of non-
relaxed models. Second, extrapolating linearly above
100 M using the original data leads to highly unphys-
ical results. For example, with such an extrapolation a
200 M helium-star in the LMC grid would have a sur-
face temperature of ∼3300 K – hardly physically possi-
ble given that stars (including massive stars and, most
probably, very massive stars as well) cannot have a lower
surface temperature than ∼4000 K (cf. the Hayashi line,
Kippenhahn & Weigert 1990). Third and most conclu-
sively, the helium-ZAMS lines we would get by a simple
linear extrapolation of the original data, lie at higher
surface temperatures than that of some of our most mas-
sive stellar models’ last computed stage. We are quite
confident that during the late phases of evolution, our
models should evolve to higher, and not lower, surface
temperatures when losing mass (and thereby uncovering
helium-rich layers). For all these reasons, and after test-
ing several values, we decided that including a reduce-
ment of a factor of 3 into our linearly extrapolating the
helium-ZAMS lines in the HR-diagram, gives the most
physically consistent result. Examples are presented in
Fig. 8.
By constructing these helium-ZAMS data the way
we explained above, and extrapolating our models to
converge smoothly towards the helium-ZAMS upon los-
ing their mass in their late, unsimulated phases (cf.
Sect. 3.2), our stellar models are ready for the next step.
4. INTERPOLATION AND POPULATION
SYNTHESIS: PRESENTING SYNSTARS
We have developed a simple stellar popula-
tion synthesis code synStars written in Python
with libraries NumPy (Oliphant 2006) and SciPy
(Virtanen et al. 2020). Apart from the actual pop-
ulation synthesis, it can be also used to interpolate
between our pre-computed stellar models (those pre-
sented in Sect. 2). Below, we briefly describe how the
interpolation of the tracks is implemented and how from
these the synthetic populations are created.
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4.1. Preprocessing
At first, the results of pre-computed stellar evolution
models, i.e. the functions of the stellar age listed at
the end of Sect. 2, are read for each model charac-
terised by its initial mass, M0. Several additional quan-
tities are calculated, namely, the velocity of the stellar
wind, vwind, is determined by the procedure suggested
by Lamers & Cassinelli (1999) and Vink et al. (2001)
following from the theory of line driven winds:
vwind =
{
1.3vesc for Teff < 21 kK
2.6vesc for Teff > 21 kK
(1)
where vesc = (2GM/R)(1/2) is the escape velocity from
the stellar surface and G is the constant of gravity. Ad-
ditionally, following e.g. Leitherer et al. (1992), the wind
velocity is corrected for the metallicity of the wind ma-
terial, Z, by multiplying it by a factor (Z/Z)0.13. Fur-
ther, the wind power is given by Lmech = M˙v2wind/2.
4.2. Interpolation
Interpolated models withM0 between the models pre-
computed with the Bonn Code are calculated with syn-
Stars. The interpolation is performed separately for
the stellar age, t, and for all the other quantities, us-
ing the SciPy function InterpolatedUnivariateS-
pline implementing the spline interpolation method of
a given order. The stellar age, t(M0), is interpolated
in the log(t) − log(M0) space using splines of the sec-
ond order by default. This default can be changed by
the user; however, we have found while testing vari-
ous choices that the first order interpolation can lead to
non-physical discontinuities in quantities integrated over
the stellar population (cf. Cerviño et al. 2001, who has
documented a similar effect). All the other quantities,
Q(M0), are also interpolated in the log(Q) − log(M0)
space, but the default order for them is 1, i.e. the inter-
polation is linear, to avoid errors due to overshooting for
quantities that change abruptly (as for instance abun-
dances).
The interpolated tracks computed with synStars are
presented in Fig. 1 in the HR-diagram, and in Figs. 5–
7 in terms of mass loss rate, wind velocity and kinetic
energy deposition rate of the wind. As these quantities
are typically needed for studying stellar feedback in star-
formation, we made sure especially that they do not
include any numerical artifacts.
We use only the initial mass as the basis for the in-
terpolation, that is, neither the initial rotational rate
nor the metallicity are interpolated for. Since our
pre-computed stellar grids cover a large metallicity
range with fine steps, implementing our BoOST popula-
tions into metallicity-dependent studies should be easily
done either by using these discreet steps, or by post-
processing the populations to interpolate in metallicity
at the user’s end.
As for rotation, the uniformly chosen value of
100 km s−1 is typical for massive stars; and while at
MW, LMC and SMC metallicities there are observa-
tional rotational velocity distributions of massive star
clusters available that one could try to imitate here, the
same is not true for lower metallicities where rotational
rates are simply not known in a statistically meaning-
ful way. Thus, even if we included rotational rate as
an interpolation parameter, the weights to be applied
for the lowest metallicities would still carry large uncer-
tainties. On the other hand, as long as rotational rate
is below the critical limit for chemically-homogeneous
evolution, the effect it has on massive and very massive
stars is comparable to the effects of mass loss, which
itself carries large uncertainties. Therefore we decided
to prioritize uniformity of our models, and use the typ-
ical 100 km s−1 for every model in every grid; and to
take extreme rotational effects into account, we include
a chemically-homogeneously evolving grid to our project
with uniformly 500 km s−1.
In some of the grids we use stellar models with 560 or
575 M as the highest mass (cf. Sect. 2), but still take
the upper limit Mtop = 500 M for the interpolated set
of tracks, to be consistent. In these interpolated set of
tracks, there are 1856 lines between 9 M and 498.4 M,
equally distributed in log(M0). Note that Figs. 1 and
5–7 only show every 50th interpolated track to keep the
figures transparent.
4.3. Synthetic populations
Synthetic populations of single massive and very mas-
sive stars are computed with synStars based on the
interpolated tracks. These populations represent mas-
sive stellar clusters with a total mass of 107 M that has
been formed as the result of a single, burst-like starfor-
mation event where the initial mass function follows a
classical Salpeter distribution (with an upper mass limit
of 500 M). The evolution of these populations is pre-
sented with equal time-steps up to ∼25 Myr – that is,
when the longer living star amongst our models (the one
with 9 M) ends its life. After that, such a cluster will
only contain stars below 9 M, the contribution of which
to feedback processes can typically be neglected – plus
of course the compact object remnants of the dead mas-
sive stars (about which see Sect. 5 and note that remnant
types are not specifically listed in the published tables,
only final core masses are).
The current version of synStars is attached to the
published data. Thus if needed, the user can feed the
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pre-computed stellar grids into it and create their own
interpolated tracks or their own synthetic populations.
For example, the interpolated tracks and populations
computed here by us have an upper mass of 500 M,
but the user may need populations with an upper mass
limit that is lower than that. Thus they can create their
own synthetic population with, say, 150 or 250 M as an
upper mass, and even change the index of the mass func-
tion and the total mass of the stellar cluster. (Higher
masses than 500 is not possible to achieve however,
due to the pre-computed stellar models’ having this as
the highest mass.) As for computational costs, a typical
run of synStars creating thousands of tracks takes a
few minutes on a normal workstation.
Alternatively, the user may want to use their own pop-
ulation synthesis tool. This is also a possibility since
one of the outputs of synStars is the set of interpo-
lated stellar tracks; and their resolution (bin size) can
be defined simply as a command line input. These in-
terpolated tracks can be then fed into any population
synthesis code, thus providing a lots of flexibility for the
user.
In the synthetic populations created by synStars, the
following quantities are given as a function of time. Mass
lost from stars in the form of fast stellar wind (i.e. faster
than 100 km s−1), mass lost from stars in the form of
slow stellar wind (i.e. slower than 100 km s−1), kinetic
energy in the fast winds, integrated bolometric luminos-
ity, integrated UV flux (including corrections for opti-
cally thick stellar winds, following the method presented
in Szécsi 2016, see its Chapt. 4.5.1), time integrated val-
ues of M˙ and E˙, i.e. the total mass and mechanical en-
ergy produced (in a form of winds and its power) by the
all stars up to a given time, as well as the mass fraction
of all 34 isotopes in the wind.
5. FINAL CORE MASS AND PREDICTED
SUPERNOVA TYPES
Apart from surface and wind properties, we also pro-
vide information on the mass of the final core of the
stars in our populations. This quantity can be used as a
proxy for the mass of the compact object remnant that
remains after the explosion of the star.
At the end of core-helium-burning, our models de-
velop a carbon- and oxygen-rich core since helium burns
mainly into carbon and oxygen. During the remaining
evolution (which we do not include into our simulations)
the inner regions of this core will undergo nuclear pro-
cessing, but its total mass will not change considerably.
This is due to the fact that core-carbon-burning and
the subsequent burning phases last for less than 1% of
a massive star’s life, during which no significant mass
loss can take place. Thus, the mass of the CO-rich core
can serve as an estimated upper limit for mass of the
compact remnant.
Sometimes in the literature, the mass of the helium-
rich core (instead of that of the CO-core) is used to
estimate remnant mass. Therefore, we also provide this
quantity.
We define the He-core mass to be the mass coordi-
nate where the mass fraction of anything else but helium
drops below 12%, and CO-core mass where the mass
fraction of anything else but carbon and oxygen drops
below than 12%. Note however that since the stars’
structure is continuously changing between the center
and the surface over its life, defining where the core ends
and the envelope begins is not a trivial task. We refer to
Sect. 3.3 of Kruckow et al. (2018) for further discussion
and references on this. The He-core first develops at the
end of the core-hydrogen-burning phase (i.e. the main-
sequence), and is typically at a larger mass coordinate
than the CO-core. Nonetheless, the value we provide for
both the He-core mass and the CO-core mass, is taken
from the last computed stellar structure model.
In the case of the models for which we extrapolate
the last stages of evolution, these definitions are not al-
ways applicable, simply because the core composition
may have not yet reached the required amount of car-
bon and oxygen. Therefore, we define CO-core mass for
them as 0.8 times the He-core mass. We checked that
in the mass range we are talking about, those models
that were properly computed in the code do have CO-
cores that are about 0.7–0.8 times as massive as their
corresponding He-cores.
As mentioned in Sect. 3.2, we made sure that red su-
pergiant type stars in the extrapolated phase only loose
mass from the envelope; that is, from layers outside of
the He-core defined above. However, some Wolf–Rayet
stars and all chemically-homogeneously evolving stars in
our models do become completely naked CO-stars. For
them both the He-core mass and the CO-core mass is
the same as the final mass of the star.
In star-formation studies when including the feedback
from supernova explosions, it is a common assumption
that all massive stars explode as core-collapse super-
novae. Moreover, the kinetic energy of the explosion
is simply assumed to be 1051 erg uniformly. We sug-
gest not doing this when applying our BoOST grids.
In the case of very massive CO-cores, stellar models
are known to undercome pair-creation related instabil-
ity during their oxygen-burning phases (Burbidge et al.
1957; Langer 1991; Heger et al. 2003; Langer et al. 2007;
Kozyreva et al. 2014). This is in fact what would hap-
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pen to our very massive models too if their simulations
were continued post-helium-burning.
Relying on the work of Heger & Woosley (2002);
Woosley et al. (2007) and Chatzopoulos & Wheeler
(2012), we predict that our models will undergo the fol-
lowing final fates.
• For core masses larger than 130 M, the star will
collapse into a black hole directly without a super-
nova explosion.
• For core masses between 65–130 M, the model
will explode as a pair-instability supernova. This
will disrupt the whole star completely, leaving no
remnant. The brightness of such a supernova de-
pends strongly on the amount of nickel synthesized
(Herzig et al. 1990; Dessart et al. 2013), but ac-
cording to the analysis of Kasen et al. (2011) some
of these supernovae should be observable out to
large distances. The total explosive energy in such
a stellar model is in the order of 1051–1052 erg.
• For core masses between 40–65 M, the model will
undergo pair-instability but should not explode
in a pair-instability supernova explosion. Such
a model may be associated with large pulsations
leading to mass ejection and flashes of light emit-
ted, which is called a pulsational pair-instability
supernova (Woosley et al. 2007; Sukhbold et al.
2016; Stevenson et al. 2019). However, these mod-
els will continue their evolution until an iron core
forms, and then explode as a core collapse super-
nova.
• For core masses below 40 M, iron core collapse
is expected, which may lead to a supernova explo-
sion.
Since research on core-collapse supernovae, pair-
instability supernovae and pulsational pair-instability
supernovae is actively being done, we suggest that the
user investigate the related literature for further devel-
opments before assigning supernova types to our mod-
els. In any case, we seriously suggest not to assign core-
collapse type supernova explosions to models with cores
above 130 M: these certainly do not explode. Also we
suggest not to assign remnant masses to models with
cores between 65-130 M: these do explode but leave
no remnant.
As for our chemically-homogeneously evolving grid
IZw18-CHE, the situation may get even more compli-
cated due to the fast rotation of these models. Indeed,
models with core masses of ∼12–30 M may be progeni-
tors of long-duration gamma-ray bursts in either the col-
lapsar or the magnetar scenario, as explained in Szécsi
(2017); also cf. Chapter 4.7 of Szécsi (2016). As for the
pair-instability processes in them, we refer to Aguilera-
Dena et al. (2018).
6. DISCUSSION
6.1. Comparing to MIST stellar tracks
Recently, the stellar evolutionary code called ‘Modules
for Experiments in Stellar Astrophysics’ (MESA, Paxton
et al. 2011, 2013, 2015) has been used to compute stel-
lar evolutionary model sequences of single stars for the
purposes of various population-related studies under the
project name ‘MIST’ (standing for MESA Isochrones
& Stellar Tracks, Dotter 2016; Choi et al. 2016). Here
we discuss the similarities and differences between the
MIST project and the BoOST project.
Both MIST and BoOST provide stellar evolutionary
predictions in the format of pre-computed stellar grids
at various metallicities to be used in future studies.
While BoOST consists of 10 pre-computed massive stel-
lar models per grid (and provides a dense set of inter-
polated tracks in between), MIST consists of 45 pre-
computed massive (> 9 M) stellar models per grid (but
no interpolated tracks in between). Furthermore, MIST
includes low-mass stars down to 0.1 M and massive
stars up to 300 M, while the mass range for models in
BoOST is between 9-500 M, that is, massive and very
massive stars.
MIST tracks are filtered by EEPs in a similar way
as BoOST (Sect. 3.1), which means that interpolation
and thus population synthesis could be done for them
fairly easily (e.g. with our synStars routine presented
in Sect. 4). Nonetheless, the current version of MIST is
not optimized for massive and very massive stars. For
example, the highest mass discussed by Dotter (2016) in
the context of finding EEPs has 20 M initially, while
(as showed in Sect. 3.1) massive and very massive stars
typically become luminous blue variables for which the
method of Dotter (2016) cannot be applied.
Additionally, the present version of MIST’s slow-
rotating, low-metallicity massive stars are only reliable
until the end of their main-sequence phases (Choi 2017,
private communication; also cf. the published data
available online4 where in the current version, v1.2, the
post-main-sequence phases are either missing or physi-
cally inconsistent.) Thus, these MIST models cannot be
used in star-formation studies where the late phases of
evolution are crucial contributors. In BoOST, we paid
extra attention to especially these phases of the stars’
life, as explained in Sects. 3.2 and 3.3.
4 http://waps.cfa.harvard.edu/MIST/
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Regardless, we did rely on conventions established by
the MIST project when creating our BoOST grids. In
particular, the number of lines assigned to the evolution-
ary phases between EEPs in our models, is the same.
In MIST, EEPs are in lines 1, 202, 353, 454, 605, 631,
707 and 808. Our BoOST models have 200 lines less
due to us not including the pre-main-sequence phase,
but otherwise the two projects are consistent in this re-
gard. (The simulation of the pre-main-sequence phase
for these very massive stars is hardly physical, because
a clear picture of how they form in reality is still miss-
ing. Thus, following a pre-main-sequence path that im-
itates low-mass stars’ pre-main-sequence behaviour is
not more realistic than starting out with a homoge-
neous zero-age-main-sequence model and evolving the
star from there on, as we do.)
We hope that by following this MIST-established con-
vention, users who have already started to work with
MIST can easily work with BoOST too. Additionally,
by optimizing our interpolating and population synthe-
sis code synStars (presented in Sect. 4) for these MIST-
like tracks, it will be able, later on, to work with a poten-
tial next, updated version of MIST in which the massive
stars at low-metallicity are also completely included.
The MIST project assigns certain names to their EEPs
(the list is given in Table 3 of Choi et al. 2016) which
correspond to well-defined evolutionary phases such as
the ‘zero-age main-sequence’ or the ‘tip of the red giant
branch’. We avoid the use of such names here. As seen
in Figs. 2–4 the stellar models in such large mass and
metallicity ranges as ours, are extremely varied. For ex-
ample, the ‘tip of the red giant branch’ does not even ex-
ist for those models that become luminous blue variables
because they do not reach the red (super)giant branch
at all. It also does not exist for models with extremely
prominent blue loops (in the grids below [Fe/H] = −1.7).
This is also why we resorted to chose all our EEPs
by hand. Simply, we did not find an automatic method
that could work for all our massive and very massive
star models simultaneously. We refer to Dotter (2016)
whose method of choosing EEPs may work well for low-
mass stars, as well as for massive stars up to 20 M at
solar metallicity, but not above this mass and not below
this metallicity – as our Figs. 2–4 demonstrate.
To sum up, the version of the Bonn Code that we use
here has been optimized for massive and very massive
stars. Additionally, our post-processing of the models
for purposes of population synthesis has also been op-
timized for said mass ranges. Therefore, the BoOST
models are especially applicable in e.g. star formation
studies where the feedback is governed by the high-mass
end of the population. Still, our population synthesis
tool synStars has been prepared to work with a next
generation of MIST tracks too, opening up the way to
make quantitative comparison studies in the future be-
tween BoOST and MIST – that is, between synthetic
populations created with the Bonn Code and with the
MESA code.
6.2. Suggested applications
BoOST populations can be applied in star-formation
simulations to test the metallicity dependence of massive
stellar feedback. In particular, the role that massive and
very massive supergiant stars played in the formation of
globular clusters should be investigated using the new
BoOST populations, following the method developed in
Szécsi & Wünsch (2019). However, BoOST is ideal to
carry out star-formation studies in dwarf galaxies too.
Additionally, even simulations of high-redshift galaxies
where the metallicity is typically very low, could be up-
dated by these new populations of massive and very mas-
sive stars.
Another application where BoOST models can come
in handy, is binary population synthesis. Indeed, a large
fraction of massive stars are not single, but live next to
at least one companion star. Therefore, single star pop-
ulations such as ours are only applicable as first order
approximation of reality. For a complete view of how
massive stellar populations effect various fields of as-
trophysics (not only including star-formation, but also
the intensely developing field of gravitational wave event
rate predictions which relies on binary evolutionary pre-
dictions) binary effects need to be accounted for. Our
BoOST single star tracks are ideal for this purpose due
to us realizing a well-resolved and smooth interpolation
between the pre-computed models.
6.3. Future updates
Ways we foresee possible future updates of BoOST
models, are as follows. The first possible update con-
cerns stellar rotation. In the present work we uniformly
set all rotational velocities to a 100 km s−1 initial value;
however, massive stars rotate with various rotational
rates which can, at some extent, change the predictions
in terms of chemical yields, radiation, final core mass
etc. While the 100 km s−1 value we use here is typical
for massive stars (as observed in the MW and the Mag-
ellanic Clouds, cf. e.g. Hunter et al. 2008; Dufton et al.
2013; Ramírez-Agudelo et al. 2013, 2017) a possible fu-
ture update of BoOST may be carried out by including
stellar models with various rotational velocities.
Similarly, the initial composition of the BoOST grids
could be refined. While the current version of the grids
covers a broad range in metallicities from Solar down to
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1/250 Solar, we provide only 8 metallicity values – which
constitute quite a discrete binning. In principle, it would
be possible to simulate grids with a much better reso-
lution in metallicity than this e.g. by either computing
stellar models with metallicities in between or perform-
ing interpolation between the hereby published grids. If
there is a need for such a new version of BoOST with
smoothly changing metallicities, we are open to carry
out this update upon request from the scientific com-
munity.
What we are certainly planning to provide in a future,
updated version of BoOST, is chemical yields retained
in the stellar envelope (to be released by a stripping of
the envelope due to binary interaction). This would al-
low the combining of binary population synthesis studies
with star-formation studies in a powerful way.
Finally, we encourage future studies in the direction
of solving the convergence issues in the inflated envelope
near the Eddington limit in a reliable and physically con-
sistent way both in the Bonn Code and in other stellar
evolution codes such as MESA. While our method of ex-
trapolation for the phases where the models are numeri-
cally unstable is quite robust and produces an acceptable
result, it is of course not free of caveats (as discussed in
Sect. 3.2). Therefore, when stellar evolutionary models
become available where these inflated phases are reli-
ably computed, we will update our interpolated tracks
and synthetic populations accordingly.
7. CONCLUSIONS
We presented 9 grids of massive stars between metal-
licities of Solar and 1/250 Solar, including interpolated
tracks and synthetic populations. They are available
under this link as simple tables. The stellar mod-
els were computed with the ‘Bonn’ evolutionary code
and post-processed with methods optimized for massive
and very massive stars. Interpolated tracks and syn-
thetic populations were created by our newly developed
stellar population synthesis code synStars. Eight of
the grids represent slowly rotating massive stars with
normal/classical evolution, while one grid represents
fast rotating, chemically-homogeneously evolving mod-
els. Apart from the common stellar parameters such as
mass, radius, surface temperature, luminosity and mass
loss rate, we present stellar wind properties such as es-
timated wind velocity and kinetic energy of the wind.
Additionally, we provide complete chemical yields of 34
isotopes, and the mass of the core at the end of the mod-
els’ lifetimes. See the list of provided quantities in the
Appendix (Sects. A.1–A.3).
The BoOST models (grids, tracks and populations)
are thus suitable for further scientific applications, e.g.
in simulations of star-formation in various environments.
In a next paper we plan to apply these grids to study
the formation and early evolution of globular clusters
and young massive clusters in a metallicity-dependent
way (following Wünsch et al. 2017; Szécsi & Wünsch
2019). But beyond this, BoOST models open the door
for testing the effect of stellar metallicity in many as-
trophysical contexts. From simulation of metal-poor
galaxies to predicting rates of gravitational-wave emit-
ting compact object mergers in binary population syn-
thesis codes, BoOST models can be applied in many
future studies in a simple and straightforward way. In-
deed, by optimizing the models for a simple application
at the user’s end, our BoOST project harvests the full
scientific potential of the Bonn stellar evolutionary code
and will contribute to a new era of studying massive
stars and their roles in various fields of astrophysics.
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APPENDIX
A. COLUMNS IN THE BOOST DATA FILES
BoOST data files are available under this link. The
Authors welcome feedback from the community. – In
particular, if there are physical quantities that a next
version of our BoOST stellar models & populations
should provide in order to serve the community’s sci-
entific goals better, let us know. Our aim is to provide a
flexible model set that can be used in several astrophys-
ical applications.
The current version (v1.2) of BoOST tables contain
the following columns.
A.1. Stellar models
All data files contain 608 lines. The nth line in one
model’s data file has a comparable evolutionary inter-
pretation in another model’s data file. Columns are:
1. Time [yr]
2. Actual mass [M]
3. Surface temperature [K]
4. Surface luminosity [log L]
5. Radius [R]
6. Mass loss rate [log M yr−1]
7. Surface gravity [log cm s−2]
8. Surface rotational velocity [km s−1]
9. Critical velocity (assuming an Eddington factor for
pure election scattering) [km s−1]
10. Eddington Γe factor calculated for pure electron
scattering
11. Flag marking whether the phase is simulated [0]
or extrapolated [1] (cf. Sect. 3.2)
12. – 24. Surface abundances of elements (by sum-
ming up the abundance of all corresponding iso-
topes): (H), (He), (Li), (Be), (B), (C), (N),
(O), (F), (Ne), (Na), (Mg), (Al), where
(X) = NX/NH+12, and NX is the number fraction
of element X
25. Helium-core mass [M]
26. Carbon-oxygen core mass [M]
27. – 60. Surface mass fraction of isotopes: 1H, 2H,
3He, 4He, 6Li, 7Li, 7Be, 9Be, 8B, 10B, 11B, 11C,
12C, 13C, 12N, 14N, 15N, 16O, 17O, 18O, 19F, 20Ne,
21Ne, 22Ne, 23Na, 24Mg, 25Mg, 26Mg, 26Al, 27Al,
28Si, 29Si, 30Si, 56Fe
61. – 94. Core mass fraction of isotopes: 1H, 2H, 3He,
4He, 6Li, 7Li, 7Be, 9Be, 8B, 10B, 11B, 11C, 12C,
13C, 12N, 14N, 15N, 16O, 17O, 18O, 19F, 20Ne, 21Ne,
22Ne, 23Na, 24Mg, 25Mg, 26Mg, 26Al, 27Al, 28Si,
29Si, 30Si, 56Fe
A.2. Interpolated tracks
The table contains 1856 tracks, and all tracks contain
608 lines. Thus, this data file has about 1.1M lines
(file size: ∼ 800MB). Tracks are marked by their initial
mass values before their record starts (in M and in cgs
units). The following columns are provided:
1. Initial mass [cgs units]
2. Time [cgs units]
3. Actual mass [cgs units]
4. Mass loss rate [cgs units]
5. Wind velocity [cgs units]
6. Kinetic energy generation rate of the wind [cgs
units]
7. Luminosity [cgs units]
8. Stellar radius [cgs units]
9. Surface temperature [K]
10. Mask [integer]
11. Type of interpolation [integer]
12. Surface rotational velocity [km s−1]
13. Critical rotational velocity [km s−1]
14. Eddington factor (see column 10. in Sect. A.1
above)
15. Flag marking whether the phase includes extrap-
olation [1] or not [0]
16. Helium-core mass [M]
17. Carbon-oxygen core mass [M]
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18. – 50. Surface mass fraction of isotopes: 1H, 2H,
3He, 4He, 6Li, 7Li, 7Be, 9Be, 8B, 10B, 11B, 11C,
12C, 13C, 12N, 14N, 15N, 16O, 17O, 18O, 19F, 20Ne,
21Ne, 22Ne, 23Na, 24Mg, 25Mg, 26Mg, 26Al, 27Al,
28Si, 29Si, 30Si, 56Fe
A.3. Synthetic populations
These files contain 608 lines (inherited from the stel-
lar models, see above) plus 50 extra lines to make sure
the interpolated quantities behave well. The following
columns are provided:
1. Time [cgs units]
2. Mass lost from all massive stars in the form of
fast stellar wind (i.e. faster than 100 km s−1) [cgs
units]
3. Mass lost from all massive stars in the form of
slow stellar wind (i.e. slower than 100 km s−1)
[cgs units]
4. Kinetic energy in the fast winds [cgs units]
5. Integrated bolometric luminosity of the population
[cgs units]
6. Integrated UV flux [cgs units]
7. Total mass released in stellar winds [cgs units]
8. Total mechanical energy produced in the stellar
winds [cgs units]
9. – 56. Mass fraction of isotopes in the winds: 1H,
2H, 3He, 4He, 6Li, 7Li, 7Be, 9Be, 8B, 10B, 11B,
11C, 12C, 13C, 12N, 14N, 15N, 16O, 17O, 18O, 19F,
20Ne, 21Ne, 22Ne, 23Na, 24Mg, 25Mg, 26Mg, 26Al,
27Al, 28Si, 29Si, 30Si
